Neuronal PAS domain protein 2 (NPAS2) is a mammalian transcription factor that binds DNA as an obligate dimeric partner of BMAL1 and is implicated in the regulation of circadian rhythm. Here we show that both PAS domains of NPAS2 bind heme as a prosthetic group and that the heme status controls DNA binding in vitro. NPAS2-BMAL1 heterodimers, existing in either the apo (heme-free) or holo (heme-loaded) state, bound DNA avidly under favorably reducing ratios of the reduced and oxidized forms of nicotinamide adenine dinucleotide phosphate. Low micromolar concentrations of carbon monoxide inhibited the DNA binding activity of holo-NPAS2 but not that of apo-NPAS2. Upon exposure to carbon monoxide, inactive BMAL1 homodimers were formed at the expense of NPAS2-BMAL1 heterodimers. These results indicate that the heterodimerization of NPAS2, and presumably the expression of its target genes, are regulated by a gas through the heme-based sensor described here.
PAS domains are independently folding modules of ϳ130 amino acids that detect diverse environmental signals, including oxygen, light, voltage, redox potential, and many small aromatic molecules (1) (2) (3) (4) (5) (6) (7) . Although these domains have modest sequence similarity, they share strikingly similar three-dimensional folds (8) (9) (10) (11) (12) . Two groups of bacterial proteins-the FixL proteins of Rhizobia and the PDEA1 phosphodiesterases of Acetobacter-use heme bound within a PAS domain to sense oxygen (13) . In FixL, binding of oxygen to the heme controls a kinase domain that phosphorylates a cognate transcription factor. In PDEA1, the heme-binding domain controls a phosphodiesterase domain that regulates the abundance of a cyclic nucleotide second messenger. A serendipitous discovery of apparent heme binding during the purification of NPAS2, a mammalian bHLH (basic helix-loop-helix)-PAS transcription factor, stimulated us to investigate whether NPAS2 might represent yet another heme-based mode of signal transduction by PAS domains. Overexpression of a fragment of NPAS2 containing its bHLH DNA binding domain and both PAS domains in bacteria yielded amber-colored cells. The absorption spectra of liquid cultures containing those cells revealed a correlation between NPAS2 expression and heme protein absorption (Fig. 1A) . Obvious peaks of absorption for the intact living cells were observed at 426 nm (Soret or gamma) and 561 nm (alpha). Upon centrifugation of a cell lysate, the bulk of overexpressed NPAS2 was recovered as an insoluble red suspension. The apoprotein resulting from solubilization of the material by denaturation and renaturation was easily reconstituted with free hemin (14, 15) . The absorption peaks for the reconstituted proteins also occurred at 426 nm and 561 nm, with a lower extinction peak becoming detectable at 530 nm (beta) (Fig. 1B) . To examine the stability and stoichiometry of the heme, we exposed this reconstituted material to a fivefold molar excess of His 64 3 Tyr, Val 68 3 Phe apomyoglobin (apo-H64Y/V68F) (16) . As indicated by the similar rates of apo-H64Y/V68F reconstitution with heme abstracted from either NPAS2 or Bradyrhizobium japonicum FixL, the heme stability of the two proteins was comparable (Fig. 1C) . The final absorption value for the apo-H64Y/V68F treated with NPAS2 showed that NPAS2 had rough- ly twice the heme content of B. japonicum FixL per monomer. We next extracted the heme from holo-NPAS2 with alkaline pyridine and quantitated the release of pyridine hemochrome (17) . Consistent with the findings of the apo-myoglobin competition experiment, this experiment revealed 1.7 moles of heme per mole of NPAS2.
The presence of two hemes per monomer of NPAS2 suggested that each of its two PAS domains was binding heme. To test this idea, we prepared derivatives of NPAS2 that contained only the PAS-A or PAS-B domain (18) . The absorption spectra of intact cells expressing these variants were immediately recognizable as heme protein spectra (Fig.  1A) . Interestingly, the deoxy spectra of both purified PAS-A and PAS-B exhibited hemochrome absorption spectra characteristic of heme-iron hexacoordination (Fig. 2) . 5 Typical absorption spectra of proteins, such as FixL, that contain pentacoordinate heme iron in their unliganded ferrous forms have a broader Soret peak around 434 nm and a single, broad band of lower extinction around 556 nm (19) . In contrast, PAS-A and PAS-B spectra have a sharp Soret peak (426 nm) and well-resolved alpha (561 nm) and beta (530 nm) bands in the far-red region, with the alpha peak having greater extinction than the beta peak (Fig. 2) . These features resemble the deoxy spectra of two bacterial gas sensors: the direct oxygen sensor protein EcDos of Escherichia coli and the CO-sensor protein CooA of Rhodospirullum rubrum (20, 21) . Both are known to contain heme iron coordinated to protein side chains at both axial positions (22, 23) .
A heme-based sensor is defined as a protein in which a heme-binding domain controls the activity of another domain in the protein (19) . To test whether DNA binding by the bHLH domain was coupled to the state of one or both hemes in NPAS2, we examined the effect of CO on binding of NPAS2 to DNA. Unlike other heme ligands such as oxygen or nitric oxide, CO does not interact with heme proteins except through the iron atom. Therefore, any effects of CO on the bHLH domain can only be the result of coupling to the heme-binding domain. As an additional control, the effect of CO on DNA binding of NPAS2 lacking heme (apo-NPAS2) was determined.
Binding of CO to the various heme-containing truncations of NPAS2 was easily followed spectroscopically because of the pronounced differences between the spectra of the deoxy and CO derivatives (Fig. 2) . The equilibrium dissociation constants (K d ) for binding of CO, obtained from direct titrations with CO, were 1 to 2 M for NPAS2 and PAS-A, and 21 M for PAS-B. Individual time courses for the association of CO to NPAS2 fit two exponentials (Fig. 3) , 5 with each term contributing equally to the total absorbance change. These data indicated that the two rates might reflect ligand binding to each of the two hemes in holo-NPAS2. Consistent with this interpretation, experiments with the isolated PAS-A and PAS-B derivatives revealed that CO bound to each heme at a single rate matching only one of the two components of the holo-NPAS2 rate curve (Fig. 3) . At CO concentrations below 80 M, the rates of CO association to the three proteins increased linearly in proportion to ligand concentration. On the basis of this linear portion of the curve, the association rate constant for binding of CO to the bHLH-PAS-A derivative (k on ϭ 0.37 M Ϫ1 s Ϫ1 ) was greater than that for CO binding to the PAS-B variant (k on ϭ 0.04 M Ϫ1 s Ϫ1 ) by a factor of ϳ10. At higher CO concentrations, the observed rates of ligand association approached a limiting value of 70 s Ϫ1 for bHLH-PAS-A and 7 s Ϫ1 for PAS-B. The phenomenon of limiting rates in displaceable-residue heme proteins is known to reflect the equilibrium between hexacoordinate and pentacoordinate states and indicates a relatively slow conversion of the heme iron from a hexacoordinate state inaccessible to ligand to an accessible pentacoordinate state (20, 22, 24) .
The functional consequences of heme and CO binding were probed by in vitro DNA binding assays. Sequence-specific DNA binding by NPAS2 depends on the availability of BMAL1, its obligate heterodimeric partner, and the ratio of the reduced and oxidized forms of nicotinamide adenine dinucleotide phosphate (NADPH and NADP, respectively) (25) . Both apo-NPAS2 and holo-NPAS2 bound DNA only in the presence of BMAL1 (Fig. 4 , B and C; lane 6). Both holo-and apo-NPAS2 required high NADPH/NADP ratios to bind DNA, hence the response to this redox signal does not require heme (Fig. 4 , B and C; lanes 1 to 6). Only holo-NPAS2 responded to CO addition (Fig. 4 , B and C; lanes 7 to 10). Up to 30 M CO had no effect on DNA binding by apo-NPAS2, whereas CO concentrations above 3 M abolished DNA binding by holo-NPAS2. The titration curve for CO binding to holo-NPAS2 closely matched the titration curve for inhibition of DNA binding ( Fig. 4A; Fig. 4C , lanes 7 to 10). Thus, heterodimer formation and DNA binding can be blocked by a heme-mediated mechanism or by an independent inhibition that results if the NADPH/NADP ratio is too low. If either or both signals that inhibit formation of the NPAS2-BMAL1 heterodimer are present, then the unproductive BMAL1-BMAL1 homodimer is formed. These experiments provide evidence that the mammalian transcription factor NPAS2 binds heme as a prosthetic group to form a gas-regulated sensor. It was essential to use CO to establish unambiguously the coupling of heme state to DNA binding, because NPAS2 has a separate redox-sensing activity that might be perturbed by oxygen (O 2 ) or nitric oxide (NO). Having established that NPAS2 is a heme-based sensor, it is now of great interest to determine which heme ligand(s) is sensed by NPAS2 in vivo. Both O 2 and NO have been established as signals for other heme-based sensors. However, the NPAS2 derivatives in our study failed to react with NO (except at superphysiological concentrations) and reacted irreversibly with O 2 (26) . If native NPAS2 is similarly reactive, it seems unlikely that either O 2 or NO is the natural ligand.
Our in vitro experiments have identified CO as a reasonable candidate ligand for NPAS2. This raises two questions. First, could CO ever be present in cells at levels sufficient to inhibit NPAS2-BMAL1 DNA binding activity? Ronnett and colleagues estimate that CO concentrations in several types of neuronal cells range from 3 to 30 M, which would be sufficient to regulate NPAS2 (27) . Second, why might NPAS2 have evolved as a CO-sensitive transcription factor? Like the transcription factor Clock, NPAS2 regulates gene expression as a function of the day-night cycle (28) . NPAS2 and Clock are similar in primary sequence, share the same dimeric partner (BMAL1), and bind DNA in a manner dependent on intracellular redox potential (25) . NPAS2 knockout mice fail to exhibit rhythmic Per2 gene expression in regions of the forebrain that are known to express NPAS2 (28) . These same regions of the forebrain exhibit enhanced expression of the gene for heme oxygenase 2 (HO-2), an enzyme that generates CO using heme as a substrate (29) . A hypothetical means of reciprocally connecting CO production to the regulatory system controlling circadian rhythm is suggested by recent DNA microarray studies (30) . Peak expression of aminolevulinic acid synthase (ALAS), the rate-limiting enzyme for heme biosynthesis, occurs at the beginning of the active, nocturnal period of the rodent circadian cycle. If oscillatory expression of ALAS mRNA were to direct a corresponding oscillation in heme biosynthesis, then heme catabolism by HO-2 to generate CO might also vary as a function of the day-night cycle. If so, the role of the NPAS2-BMAL1 heterodimer in orchestrating circadian oscillation of metabolic pathways, including heme biosynthesis, might be reciprocally linked to heme catabolism by the molecular sensor described here. P-labeled double-stranded DNA response element (NRE) resulting from addition of BMAL1 and either apo-NPAS2 (B) or holo-NPAS2 (C), varying NADPH/ NADP ratios, and varying concentrations of CO. Gel mobility shift assays were essentially as described (25) , except that all manipulations were done inside an anaerobic glove box. Protein (0.5 g of NPAS2 plus 1 g of BMAL1) was incubated with 200 nM 32 P-labeled NRE having the sequence 5Ј-AGGGGCGC-CACGTGAGAGGCCT-3Ј in 10 mM Hepes ( pH 7.5), 50 mM NaCl, 0.5% n-octyl glycoside, 2 mM DT T, bovine serum albumin (0.12 mg/ml), 1.2 mM MgCl 2 , and polydeoxyinosine-deoxycytidine (0.05 mg/ml). Heme status was verified by monitoring the absorption of the reaction mixtures at the start and conclusion of reactions.
